We present confirmation of the planetary nature of PH-2b, as well as the first mass estimates for the two planets in the Kepler-103 system. PH-2b and Kepler-103c are both long-period and transiting, a sparsely-populated category of exoplanet. We use Kepler light-curve data to estimate a radius, and then use HARPS-N radial velocities to determine the semi-amplitude of the stellar reflex motion and, hence, the planet mass. For PH-2b we recover a 3.5-σ mass estimate of M p = 109 +30 −32 M ⊕ and a radius of R p = 9.49 ± 0.16 R ⊕ . This means that PH-2b has a Saturn-like bulk density and is the only planet of this type with an orbital period P > 200 days that orbits a single star. We find that Kepler-103b has a mass of M p,b = 11.7 +4.31 −4.72 M ⊕ and Kepler-103c has a mass of M p,c = 58.5 +11.2 −11.4 M ⊕ . These are 2.5σ and 5σ results, respectively. With radii of R p,b = 3.49 +0.06 −0.05 R ⊕ , and R p,c = 5.45 +0.18 −0.17 R ⊕ , these results suggest that Kepler-103b has a Neptune-like density, while Kepler-103c is one of the highest density planets with a period P > 100 days. By providing high-precision estimates for the masses of the long-period, intermediate-mass planets PH-2b and Kepler-103c, we increase the sample of long-period planets with known masses and radii, which will improve our understanding of the mass-radius relation across the full range of exoplanet masses and radii.
INTRODUCTION
The photometric transit method, which allows for an estimate of a planet's radius (e.g. Charbonneau et al. 2000; Batalha et al. 2011) , and the radial velocity (RV) method, which allows for an estimate of a planet's mass (e.g. Bonfils et al. 2011; Vogt et al. 2010) can be combined to infer a planet's internal composition and determine if it still retains a volatile envelope (e.g., Rogers 2015) . Ideally, we would like a large sample of exoplanets, ranging from small, rocky planets up to large gas giants, with a wide range of orbital periods and precise mass and radius estimates, so that we can develop a good understanding of the potential underlying mass-radius (MR) relation.
The advent of NASA's Kepler spacecraft has significantly increased the sample of exoplanets with precise radius estimates. Highly precise radial velocity spectrometers, such as HARPS (Mayor et al. 2003) and HARPS-N (Cosentino et al. 2012) , have also allowed for follow-up observations to determine precise mass estimates, especially for small planets. For example, a specific goal of the HARPS-N collaboration has been to follow-up and provide precise mass estimates for some of the small exoplanets discovered by Kepler and K2. Examples include Kepler-93b (Dressing et al. 2015) , Kepler-21b (López-Morales et al. 2016 ) and K2-263b ).
Of particular current interest is the detection of a gap in the radius distribution for lower-mass planets (Fulton et al. 2017 ). It appears that planets either have radii less than ∼ 1.5 R⊕ and are pre-dominantly rocky, or have radii above ∼ 2 R⊕ and still retain a substantial volatile atmosphere. Although the origin of this gap is not clear, the existence of such a gap was predicted (Owen & Wu 2013; Lopez & Fortney 2014) for close-in planets subject to high levels of irradiation. The population of close-in, low-mass exoplanets E-mail: dubber@roe.ac.uk appears consistent with this photo-evaporation scenario (e.g. Van Eylen et al. 2018; Rice et al. 2019 ).
This does mean that less attention has been paid to slightly larger planets, of intermediate mass, that may help us to better understand the overall relation between planet mass and radius. Obtaining highly precise mass measurements can require committing a lot of time to the observations. The number of observations required scales as N ∝ (σ/K) 2 , where σ is the precision of a single RV measurement, and K is RV semi-amplitude (Gaudi & Winn 2007) . Clearly, the number of observations needed to obtain a highly precise mass can vary for each target and set of observing conditions, but in general for a given error level, more measurements are required for a planet of a lower mass. This focus on low mass planets means that we have spent less time observing those systems with known planets that are probably of intermediate mass.
There is also a scarcity of long-period planets (here defined as P > 100 days) with both masses and radii precisely determined. This is primarily due to the low probability of observing the transit of such a planet, which scales inversely with the orbital period (Beatty & Gaudi 2008) . This gap in the population is thus a result of observational biases, rather than a real feature of the distribution of exoplanets. Radial velocity observations of long-period, transiting planets are also rare, since longer observation times are needed to cover enough of an orbit to constrain the radial velocity curve. Despite the observational challenges, planets in this part of the parameter space deserve to be extensively studied, which will also remove the manifestation of observational biases from our understanding of the population. Currently, only a handful of long-period planets are well characterised: examples include HD80606b (Naef et al. 2001; Moutou et al. 2009 ) characterised by extensive RV monitoring, and Kepler-51 (Ford et al. 2011; Hadden & Lithwick 2017) characterised by transit timing variations (TTVs). This population of giant planets is a key tool in testing predictions of internal c 2019 The Authors structure and evolution of giant planets. For example, their increased orbital distance means they ought to be significantly less inflated than their closer-in siblings. Furthermore, these detections are crucial for filling out the period-density parameter space: direct imaging observations regularly detect very long-period planets, but determining a density for these objects is challenging.
There have been a number of attempts to develop a mass-radius relation, which would increase the number of exoplanets with density estimates. Seager et al. (2007) suggested a power law function for solid exoplanets, allowing the slope to change depending on the mass range. They used simplified equations of state for iron cores and silicate-or water-dominated mantles. Lissauer et al. (2011) fitted a relation to mass and radius data for Solar System planets, but recognised that this simpler approach was insufficient when considering large planets. However, a unique MR relation may not exist at all (see Ning et al. 2018 , for an overview). In 2014, Weiss & Marcy used a larger sample of 65 Earth-to-Neptune sized exoplanets, and found that a simple powerlaw fit had a large scatter in mass for a given radius, due to different compositions. More recently, Wolfgang et al. (2016) first quantified how this intrinsic scatter varies as a function of radius. Chen & Kipping (2017) developed a predictive model using a probabilistic MR relation, that spans a larger parameter space than previous works, and also treats the transition points between different planet populations as inferred parameters. They demonstrate the need for different power laws for the different populations, with clear transitions between each.
The current dataset is still too limited to prove the existence of an MR relation definitively. Thus it has become increasingly important to use all available observational data to increase the sample of planets with known masses, including those where the result may be less precise than we would like. Typically, detection papers focus on > 6σ results for planet masses (e.g. Haywood et al. 2018; Malavolta et al. 2018) , and even higher precision for radii. Requiring this level of precision for detections places severe practical limits on the number of planets for which well-constrained masses and radii are available. However, detections of lower significance can still add useful data points to the sample of known planets, as long as well-constrained posterior mass distributions are produced.
When HARPS-N was initially commissioned, one of the priorities of the Science Team was to perform follow up investigations of objects identified by the Kepler survey (Borucki et al. 2010) . Subsequently this became follow-up for the K2 survey and it has been further extended by the launch of the Transiting Exoplanet Survey Satellite (TESS) (Ricker et al. 2015) , for which HARPS-N will also aim to carry out followup observations. Objects observed in the K2 survey were generally brighter targets, meaning that some of the Kepler objects initially observed by HARPS-N were later classed as lower priority. Even the best techniques at the time were unable to observe any clear planetary signals. However, the progression of analysis techniques in the six years since the beginning of HARPS-N observations now means that these lower priority targets may in fact still be conducive to wellconstrained results. We chose to revisit some of these targets, to check that good data was not being wasted, and also to potentially increase the sample of exoplanets in a region of parameter space that is currently not well populated. We found that with the improved techniques such as Gaussian process (GP) regression modelling (Haywood et al. 2014) , we were indeed able to use this revisited data to find, in some cases, well-constrained planetary masses.
Here, we revisit two HARPS-N targets, PH-2 and Kepler-103 (see Table 1 for stellar parameters), identified as planetary candidates by the Kepler survey (Borucki et al. 2010 ). Both PH-2 and Kepler-103 are solar-type stars, with G3 and G2 spectral types and visual magnitudes of V = 12.70 and V = 12.36, respectively (Henden et al. 2015) . We performed multiple follow-up RV observations using HARPS-N, aiming to confirm the planetary nature of the candidates and to provide mass estimates. We report a 3.5σ RV semi-amplitude value for the Saturn-like, long period planet PH-2b (also known as Kepler-86b). This planet was first identified as a planetary candidate (KOI-3663b) by Wang et al. (2013) . We were also able to constrain the masses of the two planets in the Kepler-103 system (KOI-108), presenting a 2.5σ result for Kepler-103b and a 5σ result for Kepler-103c. Both Kepler-103b and Kepler-103c do have previously published mass constraints ), but neither mass was precisely measured in this earlier work. We find Kepler-103b to be a super Earth on a relatively close-in orbit, whereas Kepler-103c is a wide orbit, high density giant planet.
We present the Kepler and HARPS-N observations for each of the systems in Section 2. We discuss the stellar analysis in Section 3. The transit and RV analysis are descried in Sections 4 and 5, respectively. We discuss the results in Section 6, placing these measurements in the context of the existing field. Finally, we conclude in Section 7.
OBSERVATIONS

Kepler Photometry
PH-2 was monitored with Kepler in long-cadence mode, observing every 29.4 minutes, in all quarters Q0-Q17, with transits only observed in Q4,Q7,Q10,Q13 and Q16. These observations cover a total time period of 1470 days (BJD 2454953.0375 -2456423.500694 ).
Kepler-103 was also monitored in long-cadence mode in quarters Q0-Q17, covering the same time period. Transits were uncovered in every quarter of the data.
Long-term variations (on a Kepler quarter timescale) are present in the simple aperture flux (SAP), as a result of differential velocity aberration. If this is not removed, it can obscure stellar rotation signals. We have chosen to work with the Presearch Data Conditioning SAP light-curve from DR21 (Smith et al. 2012; Stumpe et al. 2012 Stumpe et al. , 2014 as this version more effectively removes these trends (see Haywood et al. (2018) for further details). The full Kepler light-curves for both stars are shown in Figures A1 and A2.
We followed a procedure similar to Haywood et al. (2018) . In short, we fit the PDCSAP short-cadence lightcurves produced by the Kepler pipeline (Smith et al. 2012; Stumpe et al. 2012) . We flatten the light-curve by fitting polynomials to the out-of-transit light-curves near transits, and dividing by the best-fit polynomial. Depending on the number of points in the out-of-transit region near the transits, we chose either first order (linear) or second order (parabola) polynomials. We exclude outliers from the phasefolded light-curve by dividing it into bins of a few minutes. These outliers are especially prevalent in time periods towards the end of the original Kepler mission, during which the second of four reaction wheels was close to failing. We then exclude any 3-sigma outliers that lie in each of these bins.
HARPS-N Spectroscopy
To collect spectra of our targets, we used the high-resolution HARPS-N spectrograph (R = 115000) which is installed on the 3.6-m Telescopio Nazionale Galileo (TNG) at the Observatorio del Roque de los Muchachos in La Palma, Spain (Cosentino et al. 2012 (Cosentino et al. , 2014 . Observations were taken as part of the HARPS-N Collaboration's Guaranteed Time Observation's (GTO) programme. The spectra were used for both stellar parameter determination and for obtaining highprecision radial velocities (RVs).
The spectra were reduced with version 3.9 of the HARPS-N Data Reduction Software (DRS), which includes corrections for color systematics introduced by variations in seeing (Cosentino et al. 2012) . The observed spectra are cross-correlated with a spectral template chosen to be the closest match to the spectral type of the target (Pepe et al. 2002) . In this case, we used a G2 template for both objects. A Gaussian is fitted to the resulting cross-correlation function (CCF) so that the RV values and the associated errors can be determined. Other properties of the CCF can be used to ascertain activity indicators, such as the full width at half maximum (FWHM), the contrast, and bisector span (BIS). Additionally, the chromospheric indicator log R HK was calculated from the Ca H&K lines (Noyes et al. 1984 ).
PH-2 (Kepler-86)
PH-2 was observed using HARPS-N in regular intervals between 29 September 2013 and 19 May 2016, to observe multiple orbits of the P = 282 days planet candidate. We collected 33 spectra, with typical exposure times of 1800s (the exceptions being those taken on BJD = 2457164.71, 2457164.72, 2457165.70, 2457165.71 , when the exposure times were 900s due to exceptional weather conditions).
The majority of RV data points were obtained by observing with the 2nd fibre on-sky. However, we eliminated one RV that was extracted from a spectrum observed with simultaneous thorium-argon rather than a simultaneous sky fiber (BJD = 2456573.50). Different templates used for observing can create an offset in RV measurements, and in this case the RV was significantly discrepant when including it in the dataset. This led to a final dataset of 32 RVs with signal-to-noise ratios in the range S/N = 13.7 -38.9 at 550nm (average S/N = 24.6). The average RV internal uncertainty was 6.1 m s −1 . The HARPS-N RVs for PH2 are shown in Figure 1 , and the RV data, associated 1σ errors, and activity indicators are shown in Table B1 .
Kepler-103 (KOI-108)
We observed Kepler-103 regularly from 22 May 2014 until 06 October 2015. We then re-observed it starting on 30 Au- gust 2018 and ending on 01 November 2018. Our strategy was to take one observation per night with an exposure time of 1800s (apart from observations on BJD=2456865.56 and BJD=2456866.51 when the exposure times were 1600s and 1500s respectively) and to observe the system for a few stellar rotation periods. This improved the window function and provided a sampling adequate to pick up potential signals due to stellar activity.
We collected a total of 60 RV spectra, with signal-tonoise ratios in the range S/N = 13.8 -51.9 at 550nm (average S/N = 31.1), and with an average RV internal uncertainty of 5.1 m s −1 .
The HARPS-N RVs for Kepler-103 are shown in Figure 2 and the RV data, associated 1σ errors, and activity indicators are shown in Table C1 .
STELLAR ANALYSIS
Atmospheric parameters
We used the high-resolution spectra from HARPS-N to determine the stellar atmospheric parameters. Using the estimated RVs, we shifted all spectra to the rest frame and then stacked the spectra, enhancing our signal-to-noise. Equivalent widths (EWs) were determined automatically using ARESv2 1 (Sousa et al. 2015) , using a line list of roughly 300 neutral and ionised iron lines taken from Sousa et al. (2011) .
These EWs were then used as input to MOOG 2 (Sneden 1973) for line analysis to obtain effective temperatures, metallicity, and surface gravity, under the assumption of local thermodynamic equilibrium (LTE). This process was implemented using FASMA 3 , as described by Andreasen et al. (2017) , and a correction was applied to the surface gravity in accordance with Mortier et al. (2014) . Finally, we added systematic errors in quadrature, as outlined in Sousa et al. (2011) , necessary to account for differences in values found using different methods. For the effective temperature, we added a systematic error of 60 K, for metallicity we added 0.04 dex, and for surface gravity we added 0.1 dex. The resulting parameter values for each star are given in Table 1 .
As outlined in Borsato et al. (2019) , using multiple methods to find different sets of stellar photospheric parameters is an important tool for getting realistic errors on the stellar mass and radius. Consequently, we also used CCFpams 4 to calculate an independent estimation of the same parameter values (Malavolta et al. 2017 ). The Mortier et al. (2014) surface gravity correction was again used. The parameter values are consistent with those determined using FASMA, with the exception of a 1σ difference in the metallicity of PH-2. Strong agreement of two independent methods gave us confidence that using only the FASMA results was sufficient for determining the stellar masses and radii.
Stellar mass and radius
The stellar mass and radius in each case were then found using the isochrones python package (Morton 2015) . This uses both the Mesa Isochrones and Stellar Tracks (MIST, Dotter (2016) ) and the Dartmouth Stellar Evolution Database (Dotter et al. 2008 ). As priors we use the T eff , log g, and [Fe/H] values from the FASMA analysis, the 2MASS J, H and K magnitudes (Skrutskie et al. 2006) , and the Gaia parallax from Data Release 2 (Gaia Collaboration et al. 2016 Collaboration et al. , 2018 . Using only the 2MASS J, H, and K magnitudes has been shown to be sufficient for estimating the masses and radii of stars of these spectral types . We used both the MIST and Dartmouth model grids and posterior sampling was performed using Multi-Nest (Feroz & Hobson 2008; Feroz et al. 2009 Feroz et al. , 2013 .
The final estimate for each parameter is then determined by taking the 15.865th/84.135th percentiles of the combined posterior samples for all sets of stellar parameters. We recover a stellar mass and radius for PH-2 of M * = 0.958 ± 0.034 M and R * = 0.961 +0.016 −0.015 R . For Kepler-103, we find M * = 1.212 +0.024 −0.033 M and R * = 1.492 +0.023 −0.022 R . Table 1 shows all the resulting parameters from the isochrones analysis. The output effective temperature, metallicity, and surface gravity all agree well with both of the methods used to initially estimate these parameters, implying that these results are independent of which method is chosen to supply the prior values.
Stellar Activity
To assess the level of stellar activity, we looked at the auto-correlation functions (ACFs) of the Kepler light-curves where we saw different degrees of significant variable structure. Therefore, it was only possible to make estimates of the stellar rotational periods, Prot, rather than determine both the rotational periods and activity lifetimes as described in Giles et al. (2017) . Estimates for the stellar rotational period were extracted from the location of the first side lobe of the ACF, found through peak detection by means of a parabola fit. Our analysis recovered a rotation period of Prot = 22.6 days for PH-2 and Prot = 20.8 days for Kepler-103. Since no full fit of the ACF was performed, as in Giles et al. (2017) , these are just rough estimates.
Additionally, we used the Kepler light-curves to carry out a Gaussian process (GP) analysis using a quasi-periodic covariance kernel function (Haywood et al. 2014; Grunblatt et al. 2015; Angus et al. 2018 ). This combines a squared exponential and standard periodic kernel (Haywood et al. 2014 ) and allows us to most accurately include the effects of various stellar properties. The kernel is described by
where ti and tj are two times of observation and θ, w, h, λ are the 'hyper-parameters'. These can be related to various stellar properties. For example, h (mag) is the amplitude of the correlated signal in the light-curve caused by stellar activity, and θ (days) is equivalent to the rotational period of the star (θ = Prot). The other two parameters are related to the evolution of the active regions on the surface of the star. λ (days) is the decay timescale of the active regions, which is tied to their aperiodic variation, and w is the coherence scale, which is linked to the amount of active regions present at any time. The typical values of these parameters are known to varying degrees. Active-region decay times are on the order of weeks to months (Giles et al. 2017) , and foreshortening and limb darkening restrict w to values on the order of 0.5, allowing no more than 2-3 peaks to develop in the light-curve or RV curve per rotation cycle.
We used PyORBIT 5 (Malavolta et al. 2016 ), a package for modelling planetary and stellar activity signals (See Section 5.2). This implements the GP quasi-periodic kernel through the george package (Ambikasaran et al. 2015) , optimizes the hyperparameters using the differential evolution code PyDE 6 , Table 1 . Stellar parameters for each of the target stars. We show the 2MASS J, H, and K magnitudes, taken from Skrutskie et al. (2006) , V magnitudes from APASS DR9 (Henden et al. 2015) , values of T eff , [Fe/H] and log g determined using the FASMA EW Method, and the Gaia parallaxes (Gaia Collaboration et al. 2016 . We also show the average value of logR HK , determined from the HARPS-N spectra, the projected rotational velocity from Petigura et al. (2017) , the T eff , [Fe/H], log g values from the isochrones analysis (which agree well with those used as priors) and the resulting mass and radius values in solar units.
Parameter
Descriptor Since the GP regression typically scales with the third power of the number of datapoints, we could not use the full light-curve. Instead, we used a sample of the light-curve that would cover many rotation periods. For Kepler-103, we combined Quarters 11, 12, and 13, while for PH-2 we combined Quarters 15, 16 and 17. In both cases, we then removed the transits and any data points more than 5σ from the mean. We also binned the light-curve every 10 data points and allowed for different offsets and jitters for each Quarter.
The results are presented in Table 2 . The rotation periods recovered from the GP analysis are consistent with the results from the ACF analysis and plausible given their spectral type.
TRANSIT ANALYSIS
We performed transit fits to the photometric light-curve data of PH-2 and Kepler-103 using the publicly available MCMC software, EXOFAST v2 (Eastman 2017 ). The global model used in EXOFAST v2 includes spectral energy density and integrated isochrone models to constrain stellar parameters. In the case of both targets, we set the /torres flag in order to utilize stellar mass and radius relations published in Torres et al. (2010) . The default limb darkening fit used by EXOFAST v2 is based on tables reported in Claret & Bloemen (2011) . Relevant output parameters are listed in Tables 6 and 7 respectively, the resulting transit fits are shown in Figure 3 for all three planets, and logistics of each fit are detailed below.
In the case of PH-2, we performed a fit using the five quarters of Kepler long-cadence light curves containing transits (Q4, Q7, Q10, Q13, Q16). We ran the MCMC fit for a maximum of 50,000 steps (maxsteps = 50,000), recording every twentieth step value as part of the final posterior distribution (nthin = 20). The default limb darkening fit failed, so we set the noclaret flag to perform a solution ignoring the tables from Claret & Bloemen (2011) . We performed a single-planet transit fit with open eccentricity, using the priors listed in Table 3 . Priors on the two parameters related to the host star (effective temperature and metallicity) came from the analyses described in Section 3, while the prior on eccentricity came from the RV fit, and was required to break a degeneracy between stellar density and eccentricity.
In the case of Kepler-103, we fit 18 quarters of longcadence light-curves (Q0 -Q17), all containing transits. We ran the MCMC fit for a maximum of 5000 steps (i.e. maxsteps = 5000), recording every hundredth step value as part of the final posterior distribution (i.e. nthin = 100). We first performed a two-planet transit fit with both the planets fixed to circular orbits. In the first fit, we only applied priors on effective temperature, metallicity, and stellar radius, again provided by the analyses described in Section 3. The prior on stellar radius broke a degeneracy between R * and the semi-amplitudes of the two planets in the system. The circular fit produced white residuals for transits of Kepler-103b, however, a signal near ingress and egress of Kepler-103c in the residuals suggested transit timing variations (TTVs) were present. We therefore performed a second fit keeping Kepler-103b fixed to a circular obit, but allowing for TTVs and an eccentric orbit in the fit to transits of Kepler-103c and using the priors listed in Table 3 . In the second fit that allowed for TTVs and an eccentric orbit on the second planet, we also placed priors on orbital periods, central transit times, baseline flux, and the star-to-planet radius ratio for Kepler-103b, based on successful parts of our first circular fit. The central transit time in each case is given in the Kepler format, meaning Tc,BJD = Tc,KEP + 2454833. TTV results from our second fit to transits of Kepler-103c are listed in Table 4 .
Relevant output parameters from these transit fits are given in Tables 6 & 7 , along with the results from the radial velocity analysis for each system, discussed in the next section. The solid lines indicate the expected periods of the known planets (PH-2b, Kepler-103b, and Kepler-103c). There are clear signals at the periods of PH-2b (P ∼ 282.5 days) and Kepler-103c (P ∼ 179.6 days). There is also an indication of a signal at the period of Kepler-103b (P ∼ 15.7 days). The dashed lines indicate expected rotation periods of the star. There is some power at this period for PH-2, but little indication of a stellar rotation signal in the RVs of Kepler-103.
RADIAL VELOCITY ANALYSIS
Preliminary Investigation
BGLS Periodograms
To check for the presence of planetary signals, and to gain an initial understanding of the activity of each star, we carried out a Bayesian generalised Lomb-Scargle (BGLS) periodogram analysis (Mortier et al. 2015) . The results are presented in Figure 4 , and show period against the log of the power at each period.
In each case, we looked for signs of periodicity matching the rotation period of the star (indicated by the dashed line). This would be a sign of stellar activity in the RVs, and may indicate that activity should be included in the RV analysis. Due to the noise levels of the data, and thus the clarity of the BGLS, it is unclear as to whether this is the case for either target. PH-2 shows some power at the expected stellar rotation, but there is little indication of a periodic stellar activity signal in the Kepler-103 RVs.
The BGLS periodograms were also used to confirm the existence of the planetary signals, the periods of which are indicated by the solid black lines. The top panel shows a very clear signal at the period of PH-2b (P = 282.5 days), while the bottom panel shows a very clear signal at the period of Kepler-103c (P = 179.6 days). There is also an indication of a signal at the period of Kepler-103b (P ∼ 15.7 days) in the bottom panel. This gave confidence that we would be able to extract the radial velocity signatures of these planets.
Correlations
To further investigate the significance of the stellar activity, we looked at the correlations between the RVs and the activity indicators provided by the HARPS-N DRS (described in Section 2.2). If any show a strong correlation, this can indicate that the RVs are strongly contaminated with signals relating to stellar activity.
The Pearson correlations coefficients, r, for correlations between RVs and four different activity indicators (BIS, contrast, FWHM, and log R HK ), are shown in Table 5 , for both PH-2 and Kepler-103. The r values given for the log R HK were found using only non-zero values of this indicator. We consider any r values greater than ≈ 0.5 as showing signs of significant correlation. This is not the case for any of the indicators for PH-2 or Kepler-103, a sign that the RV data does not support including stellar activity terms in either fit. We do note that the lack of correlations with these indices does not conclusively exclude stellar signals to be present in the data (see e.g. Collier Cameron et al. 2019).
Bayesian Analysis
To carry out the RV analysis, and to extract planetary parameters from the RV data, we used PyORBIT (Malavolta et al. 2016) . PyORBIT offers various options for the techniques used for each step of the analysis; here we used PyDE (Storn & Price 1997) for initial parameter determination, and emcee (Foreman-Mackey et al. 2013) to do a Markov Chain Monte Carlo (MCMC) parameter estimation. We used uniform priors for the radial velocity semi-amplitude, K, and for the eccentricity, e, and used Gaussian priors for the orbital period, P , and for the mid-transit time, Tcent. The priors for the orbital period and mid-transit time are taken from the photometry analysis discussed in Section 4, as is the inclination, which is taken to be fixed. The RV model fit is defined by
Here, ν is the true anomaly, which is itself a function of t, e, P and phase, ω is the argument of pericenter, and γ is the RV offset. Following the recommendations in Eastman et al. (2013) , we used √ e sin ω and √ e cos ω as fitting parameters rather than e and ω. The period and semi-amplitude are explored in logarithmic space. A jitter term, σjit is also added in quadrature to the model errors, to account for the white noise levels in the data.
PH-2
Wang et al. (2013) first reported the existence of a planet in the PH-2 system, discovered through the Planet Hunters project. Through false-probability analysis, they determined that the transit signal was caused by a giant planet at a 99.9 % confidence level. However with only 4 RVs, they were unable to confirm this further. Our RVs and analysis here confirm the nature of the transit signal to be planetary.
The results of both the PyORBIT RV model and the EX-OFAST transit model for PH-2 are shown in Table 6 . The table shows the orbital period, P , and semi-major axis, a, in addition to the quantities derived from the RVs (radial velocity semi-amplitude, K, planet mass, Mp, eccentricity, e, and mean density, ρ). We also give the uncorrelated jitter and the RV offset. The posterior distributions of the derived quantities are shown in Figure D1 . The expected lack of correlation between parameters is clearly visible, as is the convergence of the model to a final solution. Figure 5 shows the orbital solution and residuals from the PH-2 RV analysis. Our analysis recovers a RV semiamplitude of K = 11.47 +3.01 −3.30 m s −1 , and an eccentricity of e = 0.28 +0.12 −0.13 . The errors on the final semi-amplitude (and thus mass) yield a better than 3σ result. Given the stellar mass of PH-2 and this RV semi-amplitude, we derive a mass for PH-2b of Mp = 108.81 +29.79 −32.29 M⊕. Notes. a Radius and semimajor axis are derived using our estimate for the stellar radius, R * = 0.961 +0.016 −0.015 R , and the ratios Rp/R * and a/R * respectively.
The value of uncorrelated jitter in the final model fit is higher than one would expect for a slowly rotating, solartype star (Collier Cameron et al. 2019 ). This seems likely due to a combination of some level of stellar activity, and high levels of white noise caused by the irregular sampling of the planet's orbit. However, due to the quality of the data, we are unable to place any further constraints on the origin of this additional variability.
To test the viability of the model with such a high jitter, we also modelled the RV data without including a jitter term. The resulting RV semi-amplitude, K = 13 ± 1.3 m s −1 , is consistent with the reported result. Whilst it is additionally more precise, we considered the Bayesian information criterion (BIC) of both models when determining which model to present. The BIC of the model including a jitter term is significantly lower than that which did not include jitter, with BICjitter = 247.93, compared to BICno-jitter = 295.17. As the difference between these two values is significantly larger than 10, it can be considered strong evidence that the model including a jitter term is favoured.
Combining the mass estimate with the EXOFASTdetermined radius of Rp = 9.49±0.16 R⊕, leads to a density of ρp = 0.70 +0.20 −0.21 g cm −3 = 0.13 ± 0.04 ρ⊕. This means that PH-2b has a mass and bulk density very similar to that of Saturn . Using the median values, PH-2b has a mass of 1.14 Saturn masses and a density 1.03 times that of Saturn. This strongly suggests that PH-2b is a Saturn-like gas giant.
We also calculated the equilibrium temperature for PH-2b. We used the albedo of Saturn, ASat = 0.34 (page 61, Ir-win 2003), and a value of f = 1, which is used for non-tidally locked planets that have uniform equilibrium temperatures across both hemispheres. This is a valid assumption, as the large orbital period of this planet means it is unlikely to be tidally locked. We also used the effective temperature, T eff , from FASMA (Table 1) and a/R * from the transit fit . Using these parameters, we obtain a value of Teq = 251.87 +3.772 −3.755
K.
PH-2 had been observed using RV instruments twice before, using the Keck-HIRES (Vogt et al. 1994 ) and the SOPHIE (Perruchot et al. 2008) spectrographs. The HIRES observations were taken in 2013, and are discussed in Wang et al. (2013) . 4 RV measurements were obtained, with formal internal uncertainties of σ ≈ 2 m/s. The RMS of this data is 14.0 m/s, indicating that the formal uncertainties were likely underestimated, and no constraints could be placed on properties of the orbiting companion of this star. However, based on statistical considerations of the properties of different types of companion, they did conclude that PH-2b should be a giant planet with a 'very high likelihood'. The SOPHIE data consists of a further 4 RV points, discussed in Santerne et al. (2015) . The RMS of these points is 20.0 m/s, and they found a correlation (r=0.80) between the RV and the bisector span, which we do not recover in our analysis (see Section 5.1.2). Hence they concluded that they were also unable to confirm the planetary nature of the candidate. Thus, with the lower errors and RMS of HARPS-N, and by finding a >3σ mass value, this is the first work that is able to confidently say that the companion of PH-2 is indeed a planet.
In an attempt to improve the precision of our parameter values, we also included both the SOPHIE and HIRES data in the RV analysis. However, since the errors in both data sets were larger than those from HARPS-N, there was no significant improvement in the precision of the final parameters. As a result, we used only the HARPS-N data in our final analysis.
Kepler-103
Two planets are known to be present in the Kepler-103 system, with current mass constraints of M b = 9.7 ± 6.8 M⊕ and Mc = 36.1 ± 25.2 M⊕ . Our goal was to use the HARPS-N RVs to reduce these uncertainties, and thus report the first precise mass measurements for these planets. Table 7 gives the results of both the PyORBIT RV model and the EXOFAST transit model for Kepler-103. We present the orbital period, semi-major axis and the quantities derived from the RVs (RV semi-amplitude, planet mass, eccentricity, and density) as well as the uncorrelated jitter and RV offset. The posterior distributions of the derived quantities for Kepler-103b and Kepler-103c are shown in Figure D2 . Most of the parameters are well-constrained distributions, as one would expect for a converged solution. We find tails in both eccentricity distributions. However, the eccentricities for both Kepler-103b and Kepler-103c are also consistent with 0 at 2.45σ, which suggests that the eccentricity results are not significant (Lucy & Sweeney 1971) .
From the RV fits, we find a 2σ result for the RV semiamplitude of Kepler-103b, and a 5σ result for Kepler-103c. The derived planet masses are M p,b = 11.67 +4.31 −4.73 M⊕ and
Mp,c = 58.47 +11.17 −11.43 M⊕. These are consistent with, but more precise than, the results presented in Marcy et al. (2014) .
Using these mass values and the planetary radii from the transit analysis, we obtain planetary densities of ρ b = 1.52 +0.57 −0.61 g cm −3 = 0.28 ± 0.11ρ⊕ for Kepler-103b and ρc = 1.98 +0.44 −0.42 g cm −3 = 0.36±0.08ρ⊕ for Kepler-103c. This suggests that Kepler-103b has a Neptune-like bulk density. Kepler-103c, with a mass in between that of Neptune and Saturn, has no Solar System analogue.
For both planets, we again assumed a Saturn-like albedo. Using this, we estimate the equilibrium temperature, Teq of the planets to be T eq,b = 874.02 +11.54 −11.41 K and Teq,c = 390.10 +5.13 −5.10 K, for planets b and c respectively. Kepler-103 has also been observed previously using the Keck-HIRES spectrograph Vogt et al. (1994) . Marcy et al. (2014) used 19 HiRES radial velocities to produce mass estimates for Kepler-103b and Kepler-103c. We did carry out an analysis that combined the HARPS-N RVs presented here, with the 19 HiRES RVs presented in Marcy et al. (2014) , but this did not improve the precision of our mass estimates. Hence, we report only on the results obtained using the HARPS-N RVs.
Including stellar activity
It is now well known that including stellar activity in the RV analysis can often improve the accuracy of the resulting mass estimates (see Fischer et al. 2016 , for an overview). As discussed in Section 3.3, we carried out a GP analysis on the Kepler light-curves for PH-2 and for Kepler-103 and recovered rotation periods consistent with those determined through the ACF analysis.
We also carried out RV analyses in which we included stellar activity and assumed that the quasi-periodic kernel is the best choice to model the stellar activity induced RV variations. We used the parameters determined in Section 3.3 as priors for the stellar activity model.
The results are consistent with those presented in Table 7, but are much less precise. This is either because, as discussed in Section 5.1.2, the stellar activity is not strong enough to significantly influence the RVs in this dataset, or because the RV sampling is insufficient to constrain this activity. Consequently, since we cannot firmly comment on the activity levels of this star with this data, we present the results we obtained without including stellar activity in the RV analysis.
DISCUSSION
PH-2b
Figure 7 places PH-2b in the context of the larger sample of known exoplanets 7 . We find that PH-2b fits in well with the other Saturn-like planets, even within the parameter errors. The planet's parameters nicely follow the mass-radius relation for longer-period giant planets from Mordasini et al. (2012) . We can also use its equilibrium temperature to infer that this planet is likely not highly irradiated. A large fraction of the well-studied population of hot Jupiters are known Notes. a Radii and semimajor axes are derived using our estimate for the stellar radius, R * = 1.492 +0.024 −0.022 R , and the ratios Rp/R * and a/R * respectively.
to have inflated radii compared to their longer-period counterparts (Demory & Seager 2011; Sestovic et al. 2018) . The possibility of this trend also being seen in the Saturn-like population is something that has been less investigated, due to the lack of planets that fall into this category. The NASA Exoplanet Archive 8 lists 24 planets as having masses similar to Saturn (we considered masses in the range of 0.27 -0.345 MJ as Saturn-like). Of these, 20 are short-period planets, 19 of which have radii at least 10% larger than Saturn. Of the remaining planets with approximately Saturn masses, only one is comparable to PH-2 in terms of period, Kepler-16b (discussed further below). It is also likely not inflated, possibly supporting the theory that the Saturn population displays the same behaviour as the Jupiters -i.e. the irradiated section of the population is significantly inflated when compared to the rest. Determining whether this is indeed the case is beyond the scope of this paper, as many more long-period Saturn-like planets are needed to properly distinguish between the two populations. Figure 8 demonstrates that our knowledge of longperiod giant planets is sparse. PH-2b is one of only 4 planets with periods longer than 200 days, that have measured masses and radii. Of these, 2 have densities similar to PH-2b: Kepler-34b (Welsh et al. 2012) and Kepler-16b (Doyle et al. 2011 ). Kepler-16b has an orbital period of 229 days, and a very well constrained density of ρ = 1.031 ± 0.015 g cm −3 . It orbits an eclipsing binary system composed of a 8 https://exoplanetarchive.ipac.caltech.edu/, accessed September 2019 K5 main sequence star (T eff = 4450K) and an M-type red dwarf, at semi-major axis of 0.7AU. The density of Kepler-34b is also well constrained: ρ = 0.613 +0.045 −0.041 g cm −3 , and it has a very similar orbital period to PH-2b, P = 289 days. Whilst the planet also orbits a binary star system, the binary components of Kepler-34 differ from those of Kepler-16 -two solar-type G stars with effective temperatures of T eff,A = 5913 ± 130K and T eff,B = 5867K, respectively. Kepler-34b orbits at a semi-major axis of 1.0896 AU, significantly more distant from its host stars than PH-2b. Both of these Saturn-like, long period planets are circumbinary. Consequently, PH-2b is the longest period Saturn-like planet that orbits a single star. If we choose to not use the period to inform our choices of comparison planets, we also find a strikingly similar planet with a period of 95 days. CoRoT-9b, reported by Deeg et al. (2010) , also orbits a single star and has a bulk density of 0.9 g cm −3 , statistically comparable to PH-2b. Furthermore, it is found to have an equilibrium temperature of 250-430K. The apparent resemblance of the two objects is another strong indication that the properties of these further out, less-irradiated planets may differ significantly from their closer-in analogues.
The potential habitability of newly-discovered objects is often of great interest to the exoplanet community. One way of defining habitability is to consider the spectral type of the star (and thus temperature), and the distance of the planet from the star (semi-major axis, a). Using the methods of Kopparapu et al. (2013) (specifically Figure 7) , within the errors on M * and a, this planet lies just on the edge of the habitable zone for this type of star. There is still much uncertainty as to the most accurate method of defining habitable zones, and we refrain from reaching any concrete conclusions.
Furthermore, considering the habitability of a Saturnlike gas giant would be futile, but this is an interesting result when thinking about potential moons of planets such as this one. Some of the solar system moons (e.g Enceladus - Waite et al. 2017 ) are proving to be the most likely places for extraterrestrial life to exist in our solar system, and so considering this possibility in extra-solar systems is also interesting. However, the potentially-habitable solar-system moons all reside beyond the habitable zone of the sun, and so the location of exoplanets should not be used to rule conclusively on whether they may have habitable moons.
Recently, Guimarães & Valio (2018) collated a list of the best candidate planets to host a detectable exomoon, using the full Kepler database. From 4417 objects that were analysed, they found 54 that were considered the best candidates for detecting the presence of an exomoon using the Kepler light-curve. PH-2 is among these candidates, identified as a likely candidate for detecting 'icy' moons at a quarter of the maximum possible orbital distance from the planet. Our derived properties not only confirm this candidate as being a planet, but also support this idea of it being a likely exomoon host, due to the similarities of its properties to the solar system gas giants. Unfortunately, the TESS mission (Ricker et al. 2015) will not be able to observe PH-2 (see Christ et al. (2019) , Figure 1 ), and so observations of possible exomoons will have to wait for the next generation of transit instruments, such as PLATO (Rauer et al. 2014 ).
Kepler-103
Figure 7 also shows the positions of the two planets in the Kepler-103 system in the mass-radius diagram. The planets agree with the general trend seen in mass-radius space. Kepler-103b coincides well with the assumed mass-radius relation from Han et al. (2014) , who calculate masses using the mass-radius relations from Weiss & Marcy (2014) , Lissauer et al. (2011) and Mordasini et al. (2012) . Kepler-103c, on the other hand, lies below the assumed mass-radius relation. However, when the likely intrinsic scatter in the data is considered (Wolfgang et al. 2016) , combined with the fact that the mass-radius relations are not very well defined at this time, this discrepancy is probably not significant.
Similarly to PH-2b, Kepler-103c lies in a relatively sparse region of period-density parameter space, as evident in Figure 8 . As of June 2019, there are 14 planets with periods longer than 100 days, with well-constrained densities (i.e. calculated using precise mass and radius measurements) 9 . Of these planets, 3 have densities comparable to Kepler-103c: Kepler-1657b (Hébrard et al. 2019) , Kepler-539b (Mancini et al. 2016) and HD80606b (Naef et al. 2001; Moutou et al. 2009 ). These three planets have many parameter values in common: they all have masses similar, if not multiple times larger, than Jupiter, with Jupiter-like radii, and are at an orbital distance of approximately 0.5 AU. In contrast, Kepler-103c is sub-Jupiter in mass and radius and orbits at a distance of a = 0.66 AU. This suggests it is likely a different kind of object to the other long-period transiting planets characterised so far. Moreover, the properties of these systems can allow us to speculate on possible formation processes for Kepler-103b and c. The high eccentricity (e = 0.5 ± 0.03) of Kepler-1657b has been attributed to planet-planet interactions, after disk dissipation (Hébrard et al. 2019) . HD80606b is likely extremely eccentric (e = 0.934 ± 0.603), but as it is in a binary star system this has been attributed to interactions with the outer stellar companion. Both of these systems are examples of formation mechanisms that have left strong detectable traces on the resulting planets, which have likely undergone dynamical orbital evolution. On the other hand, the eccentricities of both Kepler-103b and Kepler-103c are consistent with zero at a ∼ 1σ level. This suggests a very different evolution history, one that may not involve strong dynamical interactions. Furthermore, these systems are all thought to be of similar ages (∼ 3.5 Gyr, albeit with extremely large error bars). As a result, it is unlikely that the discrepancy between the properties of these systems can be attributed to each being at different stages in their evolution. Figure 7 . Planet radius versus planet mass for all known exoplanets with a radius smaller than 11 R ⊕ and a mass smaller than 200 M ⊕ (using http://www.exoplanet.eu, accessed 3 July 2019). The points are shaded with density precision where the darker points indicate the most precise measurements. PH-2b, Kepler-103b, and Kepler-103c are shown as cyan stars (note the errors for radius are smaller than the symbol). The solid lines represent planetary interior models for different compositions, top to bottom: H 2 assuming cold isentropic interior (Becker et al. 2014; Zeng et al. 2016) , 100% H 2 O assuming 1 mbar surface pressure and 700 K temperature, and Earthlike rocky (Zeng et al. 2019) The dashed line is a fit to a synthetic planet population for planets with a > 0.1 au (Mordasini et al. 2012) . Figure 8 . Planetary bulk density versus orbital period for all known exoplanets with measured densities (using http://www.exoplanet.eu, accessed 3 July 2019). The points are shaded with density precision where the darker points indicate the most precise measurements. PH-2b, Kepler-103b, and Kepler-103c are shown as cyan stars with errors. Note that most of these errors are smaller than the symbol) Due to the increased stellar mass and thus effective temperature of Kepler-103, as well as the smaller semi-major axes of the planets in the system, neither Kepler-103b or Kepler-103c lies in the predicted habitable zone of their host star, again according to the results of Kopparapu et al. (2013) .
In Section 4, we presented the TTVs from the Kepler-103 system in Table 4 . It was also was previously identified by Holczer et al. (2016) as a system with 'significant longterm TTVs', with the amplitude of the variation found to be ∼ 15 minutes. It is thought that the majority of periodic TTVs are indicative of dynamical interactions with another planet in the system. In this case the possible third planet is likely to be non-transiting, further implied by the discrepancy in inclination (1.774 deg) between the two transiting planets Kepler-103b and Kepler-103c. However, as we only have 7 TTV measurements to analyse, it is challenging to obtain a good estimate for the period of this potential third planet, which would be necessary to include it in a further RV fit. We also saw no clear sign of another RV signal in the residuals from the RV fit. As a result, we leave this analysis for a future investigation of this system.
CONCLUSIONS
In this work, we have confirmed the existence of a planet in the PH-2 system, and present a 3.5σ mass estimate. We find that PH-2b has a mass of M b = 109 +30 −32 M⊕, and a radius of R b = 9.49 ± 0.16 R⊕. This suggests that PH-2b has a similar bulk density to Saturn, with ρ b = 1.02 +0.29 −0.31 ρS. This is also the first confirmed planet with a Saturn-like mass, that has a period of longer than 200 days, and that does not orbit a binary star system.
We also recover the first precise mass estimates for the two known planets in the Kepler-103 system. Kepler-103b is found to have a mass of M p,b = 11.7 ± 4.5 M⊕ and a density of ρ p,b = 1.52 +0.57 −0.61 g cm −3 , while for Kepler-103c we find Mp,c = 58.5 ± 11.3 M⊕ and ρp,c = 1.98 +0.44 −0.42 g cm −3 . This suggests that Kepler-103b has a bulk density similar to Neptune, while Kepler-103c, with a period of Pc = 179 days, is one of the densest known long-period exoplanets. It also has no solar-system analogue in terms of density, and so could be a very interesting object to focus further observations on.
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